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ABSTRACT 



A low profile, compact atomic layer deposition reactor 
(LP-CAR) has a low-profile body with a substrate process- 
ing region adapted to serve a single substrate or a planar 
array of substrates, and a valved load and unload port for 
substrate loading and nnloading to and from the LP-CAR. 
The body has an inlet adapted lor injecting a gas or vapor at 
the first end, and an exhaust exit adapted for evacuating gas 
and vapor at the second end. The LP-CAR has an external 
height no greater than any horizontal dimension, and more 
preferably no more than two-thirds any horizontal 
dimension, facilitating a unique system architecture. An 
internal processing region is distinguished by having a 
vertical extent no greater than one fourth the horizontal 
extent, facilitating fast gas switching. In some embodiments 
one substrate at a time is processed, and in other embodi- 
ments there may be multiple substrates arranged in the 
processing region in a planar array. 'Phe compact reactor is 
distinguished by individual injectors, each of which com- 
prise a charge tube formed between a charge valve and an 
injection valve. The charge valve connects the charge tube 
to a pressure regulated supply, and the injection valve opens 
the charge tube into the compact reactor. Rapidly cycling the 
valves injects fixed mass-charges of gas or vapor into the 
compact reactor. Multiple such compact reactors are stacked 
vertically, interfaced into a vacuum handHng region having 
a Z-axis robot and a load/unload opening. 

25 Claims, 10 Drawing Sheets 
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Fig. 3a 
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Fig. 3b 
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Fig. 4 
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Fig, 6 
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Fig, 7 
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VERTICALLY-STACKED PROCESS 
REACTOR AND CLUSTER TOOL SYSTEM 
FOR ATOMIC LAYER DEPOSITION 

FIHLD OF IHE INVENTION 

Ihe present invention is in tlie field of thin film technol- 
ogy for coating substrates in the manufacture of semicon- 
ductor devices, and has particular application to Atomic 
Layer Deposition (ALD). 

BACKGROUND OF THE INVENTION 
In the field of thin film technology requirements for 
thinner deposition layers, better uniformity over increas- 
ingly larger area substrates, larger production yields, and 
higher productivity have been, and still are, driving forces 
behind emerging technologies developed by equipment 
manufactures for coating substrates in the manufacturing of 
various semiconductor devices. For example, process con- 
trol and uniform film deposition achieved in the production 
of a microprocessor directly effect clock frequencies that can 
be achieved. These same factors in combination with new 
materials also dictate higher packing densities for memories 
thai arc available on a single chip or device. As these devices 
liccoiue smaller, the need for greater uniformity and process 
conlrnl regartling layer thickness rises dramatically. 

Various technologies well known in the art exist for 
applying thin films to substrates or other substrates in 
manufacturing steps for integrated circuits (ICs). Among the 
more established technologies available for applying thin 
films, Chemical Vapor Deposition (CVD) and a variation 
known as Rapid Thermal Chemical Vapor Deposition 
(RTCVD) are often-used, commercialized processes. 
Atomic Layer Deposition (ALD), a variant of CVD, is a 
relatively new technology now emerging as a potentially 
superior mctlKid Ibr achieving uniformity, excellent step 
coverage, and transparency to substrate size. ALD however, 
exhibits a generally lower deposition rate (typically about 
fOO A/min) than CVD and RTCVD (typically about 1000 
A/min). 

Both CVD and RTCVD are flux-dependent applications 
requiring specific and uniform substrate temperature and 
precursors (chemical species) to be in a state of uniformity 
in the process chamber in order to produce a desired layer of 
uniform thickness on a substrate surface. These require- 
ments becomes more critical as substrate size increases, 
creating a need for more complexity in chamber design and 
gas flow technique to maintain adequate uniformity. For 
example, a 75 mm substrate processed in a reactor chamber 
would require less process control relative to gas flow, 
uniform heat, and precursor distribution than a 200 mm 
substrate would require with the same system; and substrate 
size is going to 300 mm dia., and 400 mm. dia is on the 
horizon. 

Another problem in CVD coating, wherein reactants and 
the products of reaction coexist in a close proximity to the 
deposition surface, is the probability of inclusion of reaction 
products and other contaminants in each deposited layer. 
Also reactant utilization efliciency is low in CVD, and is 
adversely affected by decreasing chamber pressure. StiU 
further, highly reactive precursor molecules contribute to 
homogeneous gas phase reactions that can produce 
unwanted particles which are detrimental to film quality. 

Companies employing the RTCVD process and manufac- 
turers of RTCVD equipment have attempted to address these 
problems by introducing the concept of Limited Reaction 
Processing (LRP) wherein a single substrate is positioned in 
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a reaction chamber and then rapidly heated with the aid of 
a suitable radiative source to deposit thin films. Rapid 

heating acts as a reactive switch and offers a much higher 
degree of control regarding thickness of films than is pos- 

5 sible with some other processes. RTCVD offers advantages 
over CVD as well in shorter process times, generally lower 
process costs, and improved process control. At the time of 
the present patent application RTCVD is a promising new 
technique for deposition of ultra-thin and uniform films. 

10 RTCVD is being steadily introduced into the commercial 
arena from the R&D stages by a number of equipment 
manufactures. 

Although RTCVD has some clear advantages over gen- 
eral CVD, there are inherent problems with this technology 

15 as well, such as the temperatures that are used in processing. 
Larger surfaces require more critically-controlled 
temperature, which, if not achieved, can result in warpage or 
dislocations in the substrate. Also, the challenge of provid- 
ing a suitable chamber that is contaminant-free and able to 

20 vidthstand high vacuum along with rapid temperature change 
becomes more critical with larger surface area requirements. 

Yet critical area of thin film technology is the ability of a 
system to provide a high degree of uniformity and thickness 
control over a complex topology inherent in many devices. 
This phenomena is typically referred to as step coverage. In 
the case of CVD, step-coverage is better than in line-of-sight 
physical vapor deposition (PVD) processes, but, in initial 
stages of deposition there can be non-preferential, simulta- 
neous adsorption of a variety of reactive molecules leading 

■"^ to discrete nucleation. The nucleated areas (islands) con- 
tinue to grow laterally and vertically and eventually coalesce 
to form a continuous film. In the initial stages of deposition 
such a film is discontinuous. Other factors, such as mean free 
path of molecules, critical topological dimensions, and pre- 

"'^ cursor reactivity further complicate processing making it 
inherently difficult to obtain a high degree of uniformity with 
adequate step coverage over complex topology for ultra-thin 
films deposited via CVD. RTCVD has not been demon- 
strated to be materiaUy better than convention CVD in step 

*° coverage. 

ALD, although a slower process than CVD or RTCVD, 
demonstrates a remarkable ability to maintain ultra-uniform 
thin deposition layers over complex topology. This is at least 
partially because ALD is not flux dependent as described 
earlier with regards to CVD and RTCVD. This flux- 
independent nature of ALD allows processing at lower 
temperatures than with conventional CVD and RTCVD 
processes. 

50 ALD processes proceed by chemisorption at the deposi- 
tion surface of the substrate. The technology of ALD is 
based on concepts of Atomic Layer Epitaxy (ALE) devel- 
oped in the early 1980s for growing of polycrystalline and 
amorphous films of ZnS and dielectric oxides for electrolu- 

5S minescent display devices. The technique of ALD is based 
on the principle of the formation of a saturated monolayer of 
reactive precursor molecules by chemisorption. In ALD 
appropriate reactive precursors are altemately pulsed into a 
deposition chamber. Each injection of a reactive precursor is 

50 separated by an inert gas purge. Each precursor injection 
provides a new atomic layer additive to previous deposited 
layers to form a uniform layer of solid film The cycle is 
repeated to form the desired film thickness. 

A good reference work in the field of Atomic Layer 

bS Epitaxy, which provides a discussion of the underlying 
concepts incorporated in ALD, is Chapter 14, written by 
Tuomo Suntola, of the Handbook of Crystal Growth, Vol. 3, 
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edited by D. T. J. Hurle, © 1994 by Elsevier Science B. V. 
The Chapter tittle is "Atomic Layer Epitaxy". This reference 
is incorporated herein by reference as backgroimd informa- 
tion. 

To further illustrate the general concepts of ALD, atten- 
tion is directed to FIG. la and FKi. \h herein. I'Ki. la 
represents a cross section of a substrate surface at an early 
stage in an ALD process for forming a film of materials A 
and B, which in this example may be considered elemental 
materials. FIG. la shows a substrate which may be a 
substrate in a stage of fabrication of integrated circuits. A 
solid layer of element A is formed over the initial substrate 
surface. Over the A layer a layer of elemeni 15 is applied, 
and, in the stage of processing shown, there is a top layer of 
a ligand y. The layers are provided on the substrate surface 
by alternatively pulsing a first precursor gas Ax anti a sccontl 
precursor gas By into the region of the surface. Between 
precursor pulses the process region is exhausted and a pu Ise 
of purge gas is injected. 

FIG. lb shows one complete cycle in the altemate pulse 
processing used to provide the AB solid material in this 
example. In a cycle a iirst pulse of gas Ax is made followed 
by a transition time of no gas input. There is then an 
intermediate pulse of the purge gas, followed by another 
transition. Gas By is then pulsed, a transition time follows, 
and then a purge pulse again. One cycle then incorporates 
one pulse of Ax and one pulse of By, each precursor pulse 
separated by a purge gas pulse. 

As described briefly above, ALD proceeds by chemisorp- 
tion. The initial substrate presents a surface of an active 
ligand to the process region. The first gas pulse, in this case 
Ax, results in a layer of A and a surface of ligand x. After 
purge. By is pulsed into the reaction region. The y ligand 
reacts with the x ligand, releasing xy, and leaving a surface 
of y, as shown in FIG. la. The process proceeds cycle after 
cycle, with each cycle taking about 1 second in this example. 

The unique mechanism of film formation provided by 
ALD offers several advantages over previously discussed 
technologies. One advantage derives from the flux- 
independent nature of ALD contributing to transparency of 
substrate size and simplicity of reactor design and operation. 
For example, a 200 mm substrate wfil receive a uniform 
layer equal in thickness to one deposited on a 100 mm 
substrate processed in the same reactor chamber due to the 
self-limiting chemisorption phenomena described above. 
Further, the area of deposition is largely independent of the 
amount of precursor delivered, once a saturated monolayer 
is formed. This allows for a simple reactor design. Further 
still, gas dynamics play a relatively minor role in ihc ,M .I) 
process, which eases design restrictions. Another distinct 
advantage of the ALD process is avoidance of high reactiv- 
ity of precursors toward one-another, since chemical species 
are injected independently into an ALD reactor, rather than 
together. High reactivity, while troublesome in CVD, is 
exploited to an advantage in ALD. This high reactivity 
enables lower reaction temperatures and simpfifies process 
chemistry development. Yet another distinct advantage is 
that surface reaction by chemisorption contributes to a 
near-perfect step coverage over complex topography. 

Even though ALD is widely presumed to have the above - 
described advantages for film deposition, ALD has not yet 
been adapted to commercial processes in an acceptable way. 
The reasons have mostly to do with system aspects and 
architecture. For example, many beginning developments in 
ALD systems are taking a batch processor approach. This is 
largely because ALD has an inherently lower deposition rate 



than competing processes such as CVD and RTCVD. By 
processing several substrates at the same time (in parallel) in 
a batch reaction chamber, throughput can be increased. 
Unfortunately, batch processing has some inherent disad- 
5 vantages as well, and addressing the throughput limitations 
of ALD by batch processing seems to trade one set of 
problems lor another. For example, in batch processor 
systems cross contamination ol' substrates in a batch reactor 
from substrate to substrate aiitl bateh-to-batch poses a sig- 
10 niflcant problem. Batch processing also inhibits process 
control, process repeatability from substrate to substrate and 
batch to batch, and precludes solutions for backside depo- 
sition. All of these factors severely affect overall system 
yield, reliability, and therefore net throughput 
iclivity. At the time of this patent application, no 
ire known in the industry to correct these problems 
with ALD technology as it applies to commercial 



Wnai IS clearly needed is a unique and innovative high 

20 productivity ALD system architecture and gas delivery 
system allowing multiple substrates to be processed using 
low-profile compact reactor units while still providing 
attractive throughput and yield, and at the same time using 
expensive clean-room and associated production floor space 

25 conservatively. The present invention teaches a system 
approach that will effectively address and overcome the 
current limitations of ALD technology, leading to commer- 
cial viability for ALD systems. 

3^ SUMMARY OF THE INVENTION 

In a preferred embodiment of the present invention, a 
low-profile, compact, atomic layer deposition reactor (LP- 
CAR) is provided, comprising a body having a length, a 
width, and a height, the height equal to or less than either the 

35 width or height, wherein the length and height define first 
and second sides opposite one another, and the width and 
height define first and second ends opposite one another; a 
substrate processing region within the body, adapted to 
enclose a substrate during processing; a load/unload port in 

40 the first side, the load/unload port opening to the substrate 
processing region and adapted for passing a substrate into 
and out of the substrate processing region; a retractable 
support pedestal extendable into the substrate processing 
region in the direction of the height, for supporting a 

45 substrate during processing; a remotely-operable vacuum 
valve connected to the first side, the vacuum valve adapted 
to open and close the load/unload opening executing a 
vacuum seal in the closed position; an inlet adapted for 
injecting a gas or vapor at the first end, and an exhaust exit 

5i i adapted for evacuating gas and vapor at the second end. 
In preferred embodiments the body height for the 
LP-CAR is no more than two-thirds of the larger of the 
length and width. There is also a heater adapted for heating 
a substrate supported on the support pedestal and cooling 

.v^ lines for passing coolant through a portion of the body. The 
gas inlet may have one or more valved charge tubes for 
injecting one of a gas or vapor into the substrate processing 
region, the charge tube comprising a volume closed at one 
end by a remotely operable charge valve and at the other end 

oij by a remotely operable injection valve, the end having the 
injection valve being connected to the gas inlet, such that 
with the injection valve closed and the charge valve open to 
a source of gas or vapor under pressure the charge tube may 
be charged with a specific quantity (number of atoms) of the 

65 gas or vapor, and with the charge valve closed and the 
injection valve open the specific quantity of gas or vapor 
may be expended into the substrate processing region. 
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In some embodiments there is a vacuum exhaust system 
connected to the exhaust exit, and there may be two or more 
charge tubes adapted to be connected to separate gas and 
vapor sources. There may be in addition a vacuum seal 
interface for applying the first side of the reactor through a 
wall of a vacuum chamber such that the load/unload port is 
in the vacuum chamber and the balance of the compact 
reactor is outside the vacuum chamber. 

In preferred embodiments the LP-CAR the substrate 
processing region has a vertical extent and an horizontal 
extent, and the vertical extent is no more than one-fourth of 
the horizontal extent. Some units are for processing a single 
substrate per process cycle, wherein the horizontal extent is 
no more than 1.5 times the largest substrate dimension. 
Other units are adapted for processing multiple substrates 
per process cycle, and the substrates are presented in the 
processing region in a horizontal plane. 

In another aspect of the invention a low-profile, compact, 
atomic layer deposition reactor (LP-CAR) is provided, com- 
prising a body having a length, a width, and a height, 
wherein the length and height define first and second sides 
opposite one another, and the width and height define first 
and second ends opposite one another; a substrate process- 
ing region within the body, adapted to enclose a substrate 
during processing; an inlet adapted for injecting a gas or 
vapor at the first end; and an exhaust exit adapted for 
evacuating gas and vapor at the second end. The gas inlet 
comprises one or more valved charge tubes for injecting one 
of a gas or vapor into the substrate processing region, each 
charge tube comprising a volume closed at one end by a 
remotely operable charge valve and at the other end by a 
remotely operable injection valve, the end having the injec- 
tion valve being connected to the gas inlet, such that with the 
injection valve closed and the charge valve open to a source 
of gas or vapor under pressure the charge tube may be 
charged with a specific mass of the gas or vapor, and with 
the charge valve closed and the injection valve open the 
specific mass ol' gas or vapor may be expended into the 
substrate processing region. 

In this aspect there may be a load/unload port in the first 
side, the load/unload port opening to the substrate process- 
ing region and adapted for passing a substrate into and out 
of the substrate processing region; a retractable support 
pedestal extendable into the substrate processing region in 
the direction of the height, for supporting a substrate during 
processing; and a remotely-operable vacuum valve con- 
nected to the first side, the vacuum valve adapted to open 
and close the load/unload opening executing a vacuum seal 
in the closed position. 

In some embodiments one substrate may be processed in 
each LP-CAR unit per cycle, and in others there may be 
multiple substrates processed. Further, there may be two or 
more charge tubes adapted to be connected to separate gas 
and vapor sources. 

In yet another aspect of the invention a vertically-stacked 
compact atomic layer deposition reactor (VESCAR) pro- 
cessing unit is provided, comprising a vacuum handling 
region having a valved load/unload opening adapted for 
transferring substrates to be processed into and out of the 
vacuum handKng region; a plurality of low profile, compact 
atomic layer deposition reactors (LP-CARs), each interfaced 
into the vacuum handling region by a valved substrate port, 
the plurality of LP-CARS arranged in a vertical stack 
one-above-the-other outside the vacuum handling region, 
such that the valved substrate ports of the compact reactors 
present a substantially vertical column of ports within the 
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vacuum handling region; and a z-axis robot in the vacuum 
handling region. The z-axis robot is adapted to accept 
substrates transferred into the vacuum handling region by a 
transfer apparatus through the valved load/unload opening, 
to travel vertically to the level of each of the substrate ports, 
to extend to place substrates to and to receive substrates 
from each of the compact reactors through each of the 
valved substrate ports, and to place processed substrates on 
the transfer apparatus to be transferred through the load/ 
^ unload port out of the vacuum handling region. 

In some embodiments the Z-axis robot is programmable 
to follow pre-defined transfer sequences for substrates into 
the vacuum handling region, and into and out of individual 
ones of the compact reactors. Individual ones of the compact 
reactors comprise two or more gas injectors and a gas 
^ exhaust arranged such that injected gases travel across a 
substrate placed in the individual compact reactor. An indi- 
vidual gas injector comprises a charge tube having a 
remotely-operable charge valve at one end and a remotely- 
operable injection valve at the other, the charge valve 

20 adapted to connect the charge tube to a pressure regulated 
gas supply, and the injection valve adapted to connect the 
charge tube into the individual compact reactor. There may 
be two or more valved charge tubes adapted for injecting 
separate gases or vapors into the individual compact reactor. 

25 Operation of the remotely-operable charge valves and injec- 
tion valves is programmable to integrate injection of sepa- 
rate gases or vapors into individual compact reactors in 
concert with transfer of substralcs into and out of compact 
reactors through the valved substrate ports. 

30 There are a number of ways VESCAR units may be 
arranged in production systems. For example, a unit may be 
combined with a cassette load/unload lock connected to the 
load/unload opening, the load/unload lock adapted with a 
vent and exhaust system and an outside door, such that a 
cassette of multiple unprocessed substrates may be placed 

■'^ into the load/unload lock, the loadAinload lock may be 
evacuated, and individual substrates may then be transferred 
into and out of the individual compact reactors and back into 
the cassette in pre-programmed sequences. As another 
example, the VESCAR unit may be combined with a multi- 

40 position vacuum central robotic substrate handler, com- 
monly known as a cluster-tool handler, connected by one 
transfer position to the loadAinload opening, and a cassette 
load/unload lock connected to the cluster-tool handler, the 
load/unload lock adapted with a vent and exhaust system 

45 and an outside door, such that a cassette of multiple unproc- 
essed substrates may be placed into the load/unload lock, the 
load/unload lock may be evacuated, and individual sub- 
strates may then be transferred through the cluster-tool 
handler and into and out of the individual compact reactors 
and back into the cassette in pre-programmed sequences. 

Multiple VLSC/\li units may be integrated in some 
system embodiments with other process units, such as CVD, 
RTCVD, etching lithography units, and so forth. 

The unique geometry and aspects of the compact reactor 
unit according to embodiments of the invention provide a 
unit capable of repeatable and controllable processing for 
film deposition in a manner that multiple units can be 
combined to maintain the advantages of isolated single 
substrate processing while providing also the advantages of 
processing a relatively large number of substrates 
simultaneously, as is required for high production through- 
put. In other aspects, system architecture is provided to 
accrue the above advantages while preserving costly avail- 
able production space. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. Ifl is a schematic illustration of a generic atomic 
layer deposition process. 
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FIG. lb is a typical timing diagram for ALD gas pulsing. 
FIG. 2 is an isometric view of a low-profile compact 
eactor unit according to an embodiment of the present 



FIG. 3fl is an isometric view of the compact reactor unit 
of FIG. 1 showing a flap-type gate valve and flange accord- 
ing to an embodiment of the present invention. 

FIG. 3b is a right side view of two compact reactor units 
as shown in FIG. 1 according to an embodiment of the 
present invention. 

FIG. 4 is an elevation view of VESCAR 27 integrated 
with a load-lock according to yet another embodiment of the 
present invention. 

FIG. 5 is an elevation view of an ALD vertically-stacked 
system architecture according to an embodiment of the 
present invention. 

FIG. 6 is a plan view of an LP-CAR according to an 
embodiment of the present invention adapted for processing 
multiple substrates in a single LP-CAR unit. 

FIG. 7 is a top view of production system 19 according to 
an alternate embodiment of the present invention. 

FIG. 8 is an elevation view of the stacked compact reactor 
unit of FIG. 7 viewed from the rear according to an 
embodiment of the present invention. 

FIG. 9 is a diagram of a gas recycling and precursor 
trapping system according to an embodiment of the present 
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In contemplating commercialization ( 
deposition technology, batch-type ALD s; 
systems generaUy wherein substrates ki lie coaled are - 
arranged in different planes, and wherein relatively large 
numbers of substrates are coated in a single reactor 
simultaneously, have been seen as attractive from the point 
of view of throughput, but these sorts of large batch systems 
are seen by the present inventors to have several serious ' 
drawbacks compared to a compact low-profile system hav- 
ing a single gas presentation path, as taught in several 
embodiments below. Among these dii'Jicuhics arc: 

(a) Gas pulsing in a batch system cannot be as rapid and 
as sharp as may be done in a compact single substrate 

(b) Backside deposition is difficult to prevent in multi- 
substrate systems. To prevent backside deposition indi- 
vidual substrates need to be clamped on a dedicated , 
heater, including such apparatus as electrostatic chucks. 

(c) Plasma cleaning has been found to be ineffective in 
large batch systems, as compared to single substrate 
systems. In situ plasma cleans allow the realization of 
a very long time between maintenance cleaning. 

(d) Gas depletion effects can be a severe process limita- 
tion in batch process reactors and are difficult to address 
in batch systems. 

(e) Batch processors are less flexible than single substrate 
systems for process control, substrate-to-subslratc i 
repeatability, process variation, and maintciiancc. 
Batch processors also cannot be easily matched to 
relatively small footprint clustering architecture con- 
figurations. 

For these and other reasons the present inventors have ( 
developed a unique approach to ALD processing comprising 
a low-profile compact ALD reactor (LP-CAR), which 



reduces both internal volume and external height, and allows 
for fast gas switching and enhanced process control, as well 
as for a unique system architecture. The unique architecture 
enabled comprises a vertically-stacked multi-unit system, 
adaptable to clustering schemes for serial integration. 

In embodiments described below, the inventors teach a 
unique low-profile compact reactor, and unique system 
architectures for use of the ALD reactor in production, 
which addresses and solves limiting features of batch-types 
ALD systems. 

In the unique design of the LP-CAR in embodiments of 
the present invention, high throughput is enhanced through 
fast gas switching promoted in part by minimized internal 
process volume of the reactor relative to the surface area 
presented to be coaled in the reactor. While length and width 
of a single-substrate reactor are dictated by the maximum 
substrate size to be accommodated, typically at about 1.5 
times the substrate diameter (if the substrate is round), the 
internal height of the reactor is the controlhng dimension for 
internal volume. In embodiments of the invention herein, the 
inventors have also recognized an advantage of having a 
single, unimpeded gas presentation path to substrate surface 
to be coated, which generally calls for surface to be coated 
to presented in a common plane. 

Boundary layer conditions and proper gas flow must be 
achieved, and it is desirable to have alternative plasma lid 
designs. The ALD process also requires a substrate heater in 
the process voltmie to heat substrates during processing, and 
additionally there are specific requirements for gas delivery 
and gas exhaust subsystems. Given all of these 
requirements, in embodiments of the present invention, a 
low-profile, compact ALD reactor (LP-CAR) suitable for 
single substrate processing is provided. In embodiments of 
the present invention described below, low-proflle is defined 
as the height of a reactor as opposed to horizontal dimen- 
sions. The ratio of height of an LP-CAR to horizontal 
dimensions in different embodiments of the invention can 
vary, depending on specific system requirements. The ratio 
of height to horizontal dimensions, however, in embodi- 
ments to follow is typically less than 1, and can be as low 
as 0.2. A ratio of about 0.65 is more common for embodi- 
ments described herein. 

In embodiments of the invention the LP-CARS are 
independently-controUable reactors, and may be used as 
building blocks in a unique architecture to address through- 
put requirements and desirable flexibility in processing 
sequence. LP-CARS in preferred system embodiments are 
vertically stacked, which promotes efficient use of precious 
process real estate. I'he vertically-stacked architecture is 
termed by the inventors VESCAR™ for vertically-stacked 
compact ALD reactor. 

In some embodiments taught in enabling detail below, the 
VESCAR system can be a stand-alone configuration, 
wherein substrates are provided to and accepted from the 
VECAR unit through a cassette load-lock subsystem. In 
other embodiments one or more load locks and one or more 
VESCAR units are interfaced to a cluster tool handling 
system, which may also comprise processing subsystems 
other than ALD, such a CVD, PVD, cleaning, lithography, 
and others. 

FIG. 2 is a mostly diagrammatical isometric view of a 
compact reactor unit 33 according to an embodiment of the 
present invention, having substrate surface to be coated 
presented in substantiaUy a single plane, and a single gas 
flow path to the substrate surface. A substrate 1/0 (in/out) 
opening 53 on one side of the reactor unit in a preferred 
embodiment of the invention is equipped with a gate valve, 
as described above, and as is described more fully below. 
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Gas flow over a loaded substrate 45 in position to be 
processed is in a horizontal direction substantially parallel to 
the surface of substrate 45 upon which deposition is to take 
place, entering from one side (gas in) and exiting an opposite 
side (gas out). Precursors (chemical species) are alternately 
pulsed into reactor unit 33 followed by a gas purge, as 
described relative to FIG. Lb above. In this embodiment the 
gas flow is from right (gas in) to left (gas out) as represented 
by directional arrows in the figure. In another embodiment 
the gas flow may be from left to right In one embodiment the 
individual compact reactor has an inlet and an exhaust 
manifold built into the reactor body. 

Compact reactor unit 33 may be constructed from any 
suitable material known in the art such as stainless steel, 
aluminum, composite graphite, or other materials deemed 
appropriate for sustaining an applied vacuum and providing 
suitable characteristics as known in the art for deposition 
chambers. In one embodiment, reactor unit 33 may be 
reinforced with structural ribs for the purpose of adding 
strength under vacuum. Compact reactor unit 33 in the 
embodiment shown has an overall height h and is of a width 
and depth so as to accommodate at least a single substrate 
for deposition. Scaling may be done for substrates of dif- 
ferent sizes, from very smaU up to as much as 400 mm. 
Diameter or more. 

The actual height of the substrate hold area 49 expressed 
as h,-, in terms of the horizontal dimensions, is a is a very 
important parameter, as this height helps define the internal 
volume of a reactor wherein gas pulsing and processing 
takes place. The external height is controlled to provide a 
low-profile to facilitate stacking iif reactors, as bricUy 
described above, in a system architecture to be described 
fully below. The internal height of the reaction region in an 
LP-CAR unit according to embodiments of the present 
invention is separately controlled to provide a practical 
minimal volume relative to substrate surface area to be 
coated, which maximizes gas utilization and enhances fast 
gas switching. In more general terms, the critical issue 
discovered by the present inventors is that speed of gas 
delivery to the surface to be coated must be maximized, 
while providing a sufficient quantity of precursor to assure 
surface saturation, and without an overabundance of gas. 
This is best accomplished by a reactor internal shape which 
promotes a uniform cross section in the wave front of 
advancing gas injected into the reactor, minimizes internal 
volume, and provides a sufficient clearance in the gas path 
over the surface to be coated that gas flow to the substrate 
surface is not impeded. 

In an LP-CAR provided for a substrate diameter of 300 
mm., the internal height in embodiments of the invention 
will preferably be about one inch, but can vary somewhat 
from one embodiment to another. It is preferred by the 
inventors that the ratio of internal height to horizontal 
internal dimensions of the reaction region not exceed about 
0.25, to insure fast gas switching and efficient precursor 

Retractable substrate Kft pins (not shown) in some 
embodiments are positioned in the bottom surface of sub- 
strate hold area 49 for the purpose of supporting the sub- 
strate. The number of substrate-lift pins present in substrate 
hold area 49 is typically three or more and the pins are 
arranged in a pattern to support the substrate horizontally. 

Substrate-lift pins are commonly used for horizontal 
support of a substrate in a reactor chambers in processes 
such as RTCVD. In some embodiments, substrate-lift pins 
are part of a substrate holding tray. In other embodiments, 
substrate-lift pins are built in to the reactor chamber. 
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Typically, substrate-lift pins come to a point at the substrate 
surface for the purpose of providing a small heat-sink area 
and to avoid surface coating anomalies. This rule is more 
critical in processes that use more heat such as RTCVD, and 
5 or in cases where a substrate is processed on both surfaces 
simultaneously. In some embodiments a flat electrostatic 
chuck (ESC) with suitable heat capabilities may be used to 
secure substrates during processing, precluding backside 
deposition. 

10 Compact reactor unit 33 is heated and cooled during 
substrate processing. Area 51 represents a heater compart- 
ment wherein a heating device such as a resistance-heated 
coil is housed. Area 47 comprises cooling lines running 
through the top surface of reactor unit 33. It will be apparent 

15 to one with skill in the art that diifering chemical species or 
precursors that are used in various processes may require 
different temperatures to be maintained inside compact 
reactor uuit 33 during process. Therefore it is intended by the 
inventors that various heating and cooling methods known 

20 in the art of deposition be applicable in various embodi- 
ments of the present invention. Similarly, area 51 may house 
more than one type of heating element as may be required 
for delivering levels of heat in differing measures of time, as 
may be required, for example, to do in-situ annealing, and so 

FIG. 3a is a simplified isometric view of the compact 
reactor unit 33 of FIG. 2 according to an embodiment of the 
present invention wherein a flap-type remotely-operable 
valve 52 is provided to cover and expose opening 53. This 
M] valve is closed for processing and open for substrate transfer 
to and from the LP-CAR. There is in this embodiment a 
vacuum seal 46 surrounding opening 53, which may be an 
o-ring in some cinbodiments, a quad-ring, a metal seal, or 
other vacuum seal as known in the art. Valve 52 is provided 

operation. A flange 54 in one embodiment is positioned 
behind gate valve 52 and also has a vacuum .seal 48 provided 
for sealing against a non-vacuimi side of an interface waU of 
a vacuum chamber in a production architecture to be 

40 described in further detail below. 

There are various methods that are known in the art for 
automatic control of gate valves, such as valve 52. In a 
preferred embodiment of the present invention the gate is a 
flap-type valve, and a cam-operated electrical mechanism 

45 (not shown) is provided and mounted to a wall of reactor 
unit 33 and also to a pivot arm (not shown) on the valve 
door. Electrical leads pass through the body of reactor 33 
from the non-vacuum side in operation. A variety of mount- 
ing schemes may be implemented for mounting a cam-type 

50 device for opening and closing gate valve 52 without 
departing from the spirit and scope of the present invention. 
ElectricaUy-operated cam devices are common and known 
in the art as well as to the inventors. 
The embodiment represented here is but one example of 

55 how LP-CAR 33 may be provided with a gate valve for the 
I/O opening. In another embodiment a flap-type door may be 
provided pivoted from above rather than from below. In yet 
another embodiment, instead of a flap-type door, a cam- 
operated sliding door may be incorporated. In a preferred 

60 embodiment, a flap-type door is used because of simplicity 
of design and implementation. 

It will be apparent to one with skiU in the art that the 
actual shape of flange 54 as weU as gate valve 52 may vary 
considerably without departing from the spirit and scope of 

05 the present invention. For example, flange 54 may be of the 
form of a rounded rectangle or perhaps an elliptical shape. 
Similarly, gate valve 52 may take other forms than those 
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described above. In some embodiments a sealing interface 
may be provided without using a flange as an integral part 

of the reactor body. 

FIG. 3b is a side elevation view of two compact reactor 
units as described in FIG. 3a according to an embodiment of 
the present invention, illustrating a vacuum interface that is 
formed with flange 54 and an interfacing wall 42 of a 
vacuum chamber. On the non-vacuum side a stacking fixture 
or rack (not shown in FIG. 3b) is used to support reactor 
units 33fl and 33b and other reactor units not shown in FIG. 
3b that may be a part of a VESCAR system according to 
embodiments of the present invention. It wtII be apparent to 
one with skill in the art that a stacking flxtuie or rack used 
for supporting and spacing reactor units in a vertical con- 
figuration may be constructed from any durable material 
such as stainless steel, or any other suitable material as long 
as it can support the individual reactor units and resist 
dimensional changes that may occur. Fixtures used for 
positioning one or more components to be interfaced to a 
shared interface in a system are relatively common and 
known by persons skilled in the art. The importanl charac- 
teristics for a stacking fixture as in this embodiment of the 
present invention are that it can equally and accurately space 
the reactor units, facilitating successful and repeatable trans- 
fers of to substrates, and that it can support the weight. In 
one embodiment a fixture in the form of a rack having 
removable spacers for proper positioning could be used. In 
another embodiment, accurate spacing maybe accomplished 
via adjusting screws and the like. 

In various embodiments spacing of the LP-CAR units in 
a vertical slack must allow for providing thermal isolation 
between the k)wcr hot region of each reactor and the upper 
cool region of each adjacent reactor. Similarly, the topmost 
and the lowermost LP-CAR in a stack should have a similar 
thermal environment to the other reactors in a stack. 

The area to the left of chamber wall 42 shown in FIG. 3b 
is the vacuum region of a vacuum transfer chamber in a 
vertically-stacked system described below. Securing flange 
54 to the chamber wall can be accomplished by conventional 
fastening techniques and hardware, such as socket-head 
screws. In an alternative embodiment, a mating flange may 
be afBxed to the chamber wall, perhaps via welding, so that 
flange 54 could be clamped to the mating flange thereby 
completing the interface. In such a case the mating flange 
may have alignment pins that fit into openings present in 
flange 54. It will be apparent to one with skill in the art that 
there are many configurations possible only some of which 
are described herein. 

FIG. 4 is an elevation view of a VESCAR system 27 
interfaced directly to a cassette load lock 21 in a production 
system embodiment of the present invention. In this 
embodiment, pre-processed substrates are loaded into cas- 
sette load lock. In this architecture a wall separating a clean 
room environment from a process room has an opening 
through which cassette load lock 21 and VESCAR unit 27 
are interfaced. This sort of clean room interfacing is well- 
known in the art for production systems, to conserve pre- 
cious clean room space. 

VESCAR system 27 comprises a vacuum handUng cham- 
ber 32 with wall 42 (see also FIG. 3b) and a Z-axis robot 31 
with horizontal as well as vertical extension capabilities, and 
is shown here extending into cassette load lock 21. A 
cassette 79 loaded with preprocessed substrates is positioned 
so that Z-axis robot 31 can pick up a substrate and move the 
substrate into VESCAR unit 27. Once inside VESCAR 27, 
Z-axis robot 31 rotates 180 degrees extends to the proper 
vertical position for placement of a substrate into a reactor 
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unit, of which 33(fl-;) are shown in a vertically stacked 
architecture interfaced to vacuum wall 42. 

Icn I J'-(;AR units, onc-abovc-anothcr as shown in FIG. 
4 is considered by the inventors a practical number to 

5 address throughput needs while at the same time conserving 
real estate. In some embodiments of the present invention 
there are more than one extension and transfer arm associ- 
ated with Z-axis robot 31, and/or more than one end effector 
to avoid any transfer limitations on throughput. Finished 

10 substrates are unloaded in reverse order to the loading 
process described, and the finished substrates are placed 
back in cassette 79. 

ITie VESCAR architecture of FIG. 4 is a minimum-cost 
solution, and a starting point for further integration into 

15 more sophisticated VESCAR architectures. Also, the archi- 
tecture shown is a good process research and development 
configuration for use in developing process sequences and 
the like using multiple LP-CAR units. Processes developed 
in the VESCAR system of FIG. 4 may be scaled up to more 

20 sophisticated processing schemes to be described below. 
FIG. 5 is an elevation view of an ALD production system 
19 according to an embodiment of the present invention. The 
unique combination and automation of various components 
described herein effectively surmount obstacles related to 

25 system architectures available with more conventional ALD 
reactors. Embodiments described and taught below provide 
substantive solutions to problems such as slow deposition 
rate, use of scarce production space, and other problems 
faced with current ALD applications and competing pro- 

Rcfcrring now to FIG. 5, a (VESCAR) 27 comprises a 
vacuum chamber 32 having a vertical interface for the 
attachment of separate compact reactor units 33fl-;', as also 
described above with reference to FIG. 4. Compact reactor 

35 units 33a-j are adapted to sustain suitable vacuum both 
separately and in integration with vacuum chamber 32. A 
flap-type gate valve present in each compact reactor unit 
33fl-; aUows for separate pump-down (gate closed) and 
sharing vacuum in vacuum chamber 32 (gate open). Indi- 

40 vidual provision at each reactor unit aUows for vacuum, 
purge, and flow of process gases, and suitable valving , 
including the load and unload flap-type valve described 
above, allows substrates to be transferred to and from the 
vertically-stacked reactors to and from chamber 32. 

45 It will also be apparent to one with skill in the art that 
there may be more or fewer compact reactor units stacked 
vertically and present in VESCAR 27 than the number 
shown in FIGS. 4 and 5 without departing from the spirit and 
scope of the invention. In the embodiment described here 

50 -with reference to FIG. 5 , there are 10 compact reactor units 
33fl-j , however, in actual practice of the present invention, 
as many compact reactor units may be incorporated into 
VESCAR 27 as may be deemed appropriate for facilitating 
a high throughput in a competitive manner with respect to 

55 known commercial processes. The number is limited as a 
practical matter by vertical space available, and must be 
matched by the range of handling equipment dedicated to 

Z-axis robot 31 is provided in chamber 32 for the auto- 
60 mated loadnit!, and unloading of substrates with respect to 
compact reactor units 33fl-/', and for interfacing with other 
material-handling equipment. Z-axis robot 31 can extend to 
vertical and horizontal positions and is programmed to 
interface with each compact reactor unit 33a— j. Z-axis robot 
65 31 can also be programmed in this embodiment to load 
substrates to reactors in any sequence desired. For example, 
substrates can be loaded from bottom to top, from top to 
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bottom, from middle to top, and so on. Further, substrates 
can be unloaded from one compact reactor unit and reloaded 
to another compact reactor unit. Any sequence is possible. In 
some embodiments there are multiple substrate handling 
devices, such as end-effectors and the like, associated with 
a single Z-axis robot. 

Compact reactor units 33fl-j are interfaced to chamber 32 
along one wall of the chamber, and carefully spaced to aEow 
for error-free loading and unloading by the Z-axis robot. The 
reactors interface to the chamber with a vacuimi seal, and are 
supported by a rack assembly outside chamber 32, as is 
illustrated below in additional detail with reference to fur- 
ther drawing figures. 

In this embodiment a vacuum central robotic substrate 
handler 23 is interfaced with VESCAR 27 via a gate valve 
29. Gate valve 29 is a vacuum valve that allows VESCAR 
unit 27 to be isolated from the cluster-tool handler between 
substrate transfers. A transfer mechanism 43 operated 
through a rotary mechanism 25 loads and unloads substrates 
to and from Z-axis robot 31. Transfer mechanism 43 in FIG, 
1 is shown extended to gate valve 29. In a position 180 
degrees from the position shown, transfer mechanism 43 can 
extend to a cassette load lock 21 where preproces.sed sub- 
strates are loaded and finished substrates are unloaded. 
Robotic substrate handling systems of the sort depicted by 
handler 23 are commercially available from several vendors; 
among them Brooks Automation, Equipe, and Smart 
Machines. 

In a preferred embodiment of the present invention, 
preprocessed substrates are first placed into cassette load 
lock 21 in a vertically oriented cassette or rack (not shown). 
After the preprocessed substrates are presented in cassette 
load lock 21, the lock is closed and evacuated to a specified 
vacuum through a vacuum port (not shown). The transfer 
volume within robotic handler 23 is also evacuated to a 
specified vacuum through a vacuum port also not shown. 
Vacuum chamber 32 is pumped down through a similar 
vacuum port (not shown). With all units suitable pumped, a 
gate valve 35 opens to allow transfer mechanism 43 to 
extend into cassette load lock 21 to retrieve substrates 
one-at-a-time. A cassette handler (not shown) in cassette 
load lock 21 can raise or lower a platform which holds a 
vertical cassette holding the preprocessed substrates. 

When transfer mechanism 43 retrieves a substrate, it then 
retracts to within the robotic handler volume and rotates to 
a 180 degree position so that it may extend to VESC AR 27. 
Typically gate 35 closes between transfers, hiii iliis is noi 
strictly required in many process-flow schemes. Willi llie 
transfer mechanism at VESCAR 27, gate valve 29 opens to 
aUow transfer mechanism 43 to pass the substrate through to 
Z-axis robot 31. Z-axis robot 31 then receives and loads the 
substrate into one or another of the vertically-stacked com- 
pact reactor units, and so on. 

Many operating schemes are possible. In the architecture 
shown one preferred scheme is to adapt the system with an 
equal number of compact ALD reactors as positions in a 
load-unload cassette 21. Transfer continues until all sub- 
strates from load lock 21 are transferred to reactor units (all 
reactor units then having each a substrate to be coated), then 
intervening valves close, and processing commences in 
reactor units iia-j. This system has the processing steps of 
a batch system while all substrates are processed in 
individually-isolated reactor units. 

Many other schemes are possible. Because each compact 
reactor has an isolation gate valve, in some schemes reactor 
processing commences as soon as a substrate is loaded. 
Other process flow schemes will be apparent to those with 
sldll in the art. 
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In one embodiment, as individual pumping and isolation 
is provided for chamber 32, at the time that reactors are 
loaded and before processing begins in the reactor units, 
pressure is increased in chamber 32, by bleeding in an inert 

5 gas, to a level sufEcient to provide a pressure differential 
across the flap-type valves of the individual reactors, prov- 
ing additional sealing force to the individual reactor valves 
than would otherwise be possible. 

After all of the processes have been performed in compact 

10 reactor units 33fl-j, flap type gate valves (FIG. 3a element 
52) installed in each unit can be opened to allow substrates 
to be unloaded in a reverse process from that described 
above with reference to loading. One by one, finished 
substrates are returned typically to the same cassette from 

15 whence the substrates were retrieved. Lock 21 may then be 
vented with valve 35 closed, and a cassette load of finished 
substrates may be removed. This processing is wholly 
automated from the point of leaving the preprocessed sub- 
strates in cassette load lock 21 to picking up the finished 

20 substrates in cassette load lock 21. Timing features related to 
gale valve opening, speed of delivery, length of process or 
processes (including sequence of processes), pump down 
sequences, and other required commands are programmable 
functions of controlling software and hardware according to 

25 techniques generally known in the art. 

Due in part to the flux-independent nature of the ALD 
process, wherein layers ate formed on the deposition siurface 
by chemisorption as described above, and as is known in the 
art, compact reactor units such as compact reactor units 

3U 33a-/ can be designed so as to have a width that will receive 
substrates of optimum si/.e such as 300 mm substrates. Also, 
smaller substrates could be processed in the same system 
without scaling down the si/.e of compact reactor units 
33a-}. In another embodiment, a scaled-down system could 

35 be implemented for the purpose of processing smaller sub- 
strates one-at-a-time, or a scaled-up version could be pro- 
vided for other products such as flat panel displays and so 

In some embodiments of the present invention, an 

40 LP-CAR developed for a particular substrate size, as men- 
tioned in the paragraph just above, may be adapted for 
processing multiple substrates of smaller size. FIG. 6 is a 
plan view of an LP-CAR 33 of the type shown in FIG. 3a 
with the nominal substrate size shown as a dotted circle 70. 

45 An LP-CAR unit in alternative embodiments of the inven- 
tion may be adapted to process, for example, three substrates 
72 smaller than substrate 70 in LP-CAR unit 33. In some 
embodiments unit 33 may be provided with a rotary chuck 
so substrates 72 may be placed and retrieved at a common 

50 transfer point. In other embodiments the robotic transfer 
devices may be adapted to place the substrates at the desired 
locations on a hearth. In yet other embodiments multiple 
substrates may be handled in a common carrier transferred 
to and from an LP-CAR unit. This allows for use of the 

55 single-substrate LP-CAR design with multiple substrates in 
the same process plane. 

The unique architecture described above provides a 
wholly automated commercial ALD process not previously 
available with current art. By utilizing VESCAR 27, a high 

bO process throughput can be accomplished comparable to 
throughput provided with competing technologies such as 
CVD, PECVD, and the like. Also, because of the inherent 
uniformity improvements attainable through the ALD 
process, and the fact that separate reactor units are used in 

65 place of batch technology, higher yields can be realized 
without the problems associated with cross contamination 
and the like. And in achieving these advantages, scarce 
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production floor space is used very conservatively, due to the 
vertical stacking of compact units. 

The embodiment described with the aid of FIG. 5 repre- 
sents but one example of many possible arrangements of 
equipment that could be utilized with VESCAR 27. While 5 
there is only one cassette load lock 21 and one VESCAR 27 
shown in this embodiment, there are two additional posi- 
tions on robotic handler 23 to which additional load locks or 
VESCAR units may added. Further detail regarding the 
addition of equipment as described above will be provided 
in an additional embodiments below. 

FIG. 7 is a top view of production system 19 of FIG. 5 
according to an alternative embodiment of the present 
invention wherein additional VESCAR units or cassette load 
locks may be interfaced with robotic handler 23 lor the 
purpose of running additional processes, such as C VD. ''^ 
cleaning, and the like. Robotic handler 23 has four ')() Lkgm 
positions illustrated as positions A, B, C, and D in 1 1(1. 7, 
Position A is connected to gate valve 35 and cassette load 
lock 21 also described with reference to FIG. 5. Position B 
is connected to a gate valve 75 and a cassette load lock 71. 20 
Position C is connected to gate valve 29 and VESCAR unit 
27 also described with reference to FIG. 1. Position D is 
connected to a gate valve 77 and a second VRSCAR unit 73. 
Transfer mechanism 43 is controlled by operating unit 25 of 
FIG. 5 whereby transfer mechanism 43 is rotated to achieve .,5 
each position. In FIG. 7 mechanism 43 is shown extended at 
position C with a loaded substrate in a position to be 
received in VESCAR unit 27. Gate valve 29 is in open 
position allowing transfer of the substrate. Transfer mecha- 
nism 43 is also shown in a retracted position (illustrated by 
dotted lines) and oriented to gate valve 75 and cassette load 
lock 71 in position B. In this example the transfer nicclia- 
nism has taken a substrate from cassette load lock 71 and 
placed it in VESCAR unit 27. Transfer mechanism 43 
operates in a like fashion with respect to all four positions 
illustrated in that extension, retraction, rotation and exten- 
sion are performed in order to successfully transfer sub- 
strates from load locks to VESCAR units and back to load 

In one embodiment, three VESCAR units and one cassette 
load lock may be utilized wherein different parallel pro- 40 
cesses (all reactor units in one process module dedicated to 
one process) are being performed in each process module. 
Similarly, serial processing (each reactor unit in one process 
module dedicated to a different process) can also be per- 
formed. In another embodiment, one process module may be 45 
dedicated to serial processing whereas another process mod- 
ule is dedicated to parallel processing with the system 
incorporating two cassette load locks. It will be apparent to 
one with skill in the art that there are many processing 
configurations that could be utilized in production system 19 50 
without departing from the spirit and scope of the present 
invention several of which have akeady been described 

FIG. 8 is a rear view of VESCAR system 27 showing 
three of the ten vertically stacked reactor units interfaced to 55 

chamber wall 42 according to an embodiment of the present 
invention. A vertically-oriented gas inlet manifold 55 is 
shown on one side of the vertically-stacked reactor units for 
providing a gas or vapor material to the reactors. In a 
preferred embodiment of the present invention, multiple 60 
precursors and inert gases may be alternately pulsed into 
reactor unit 33 during processing, but only one manifold 55 
is shown in this figure to avoid confusion in the drawing. In 
actual practice of the present invention one manifold is used 
for each precursor gas or vapor and at least one for purge 65 
gas. Therefore, a minimum of three manifolds would typi- 
cally be used. 
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In a preferred embodiment of the invention a valved 
charge tube is used to control quantity of supply to each 
reactor for each gas or vapor provided. In FIG. 8 one such 
charge tube 62 is shown. These separate charge tubes are of 
a predetermined volume and are charged with gas or vapor 
of controlled pressure and temperature so the number of 
molecules of gas or vapor is known. Each charge tube is 
isolated by two valves, which, in the case of tube 62 are 
charge valve 54, and injection valve 61. Upon opening 
injection valve 61, the charged content of that section of 
tubing is discharged into reactor unit 33. Opening charge 
valve 54 with injection valve 61 closed allows the charge 
tube to be filled with a precursor gas, vapor, or purge gas at 
a predetermined pressure and temperature. 

A quick-connect flange 56 is used to connect the gas and 
precursor source to reactor unit 33, and other quick connects 
may be provided to allow for relatively quick release of all 
gas and vapor lines to and from each reactor unit. The 
pulsing of precursors and gas purging is done in a sequential 
manner as required for an ALD sequence. The time of 
individual pulses is typically very short (approximately 50 to 
300 milliseconds depending on the process), and pulses are 
typically separated by a short transition time. For this reason 
valves of a fast switching nature are incorporated. Fast 
.switching valves are well known in the art and to the 

A vertically-oriented vacuum exhaust manifold 63 is 
connected to the right side of reactor unit 33 in this embodi- 
ment via a quick connect fitting 58 for the purpose of 

exhausting gases and vapors from the reactor chambers. The 
use of quick connects is meant to facilitate removal and 
service of individual reactors. Quick connects, as such, are 
known in the art and are available in a variety of shapes and 
configurations. A vacuum shut olT valve 60 is provided for 
facilitating repair or replacement. I'his valve will be typi- 
cally open during gas pulsing. 

Power is provided to reactor imits 33 via representative 
electrical lines 57. Power is provided for powering various 
elements such as gate valve 52 of FIG. 3B, heating sources 
and the like. Control signals are provided for such as valves 
and are provided via representative control lines 59. Elec- 
trical connectors 67 and 68 are provided in electrical lines 
such as lines 57 and 59 for the purpose of facilitating quick 
removal of reactor unit 33. 

As described with reference to FIG. 2, substrates typically 
must be heated during processing and cooled after process- 
ing. Therefore, connections are also provided for liquid 
cooling. Cooling systems that recycle coolant are common 
in cooling reactors. Such systems are known in the art and 
to the inventors. 

A heat source is built into reactor 33, and in embodiments 
of the present invention the heater is constrained in height to 
accommodate unique overall low-profile requirements for 
the LP-CAR unit. 

In a preferred embodiment of the present invention, one 
vacuum pump can pump down all or any number of compact 
reactor units 33. This is accomplished with a vacuum 
interface instaUed between the vacuum pump and reactor 
units to which all vacuum lines leading from reactor units 
are connected. At each connection, a valve is presented that 
can open and close per programmed instruction so that any 
combination of reactor units can be pumped down simulta- 
neously or separately. In a preferred embodiment, one or 
more reactor units could be brought to ambient Nitrogen or 
air, and isolated by closing valves 60 and 61, leaving other 
units under vacuum and so on. 

In a preferred embodiment of the present invention indi- 
vidual compact reactor units can be easily removed from the 
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interfacing wall of vacuum chamber 32 of FIG. 5 by 
disconnecting quick connects, unplugging electrical wires, 
uncoupling flange 54 from the interfacing chamber wall, and 
removing reactor unit 33 from the stacking fixture or rack 
used for positioning and support. A flange plug (solid flange 
with o-ring) in some instances is provided to be bolted or 
clamped to a chamber wall or mating flange so that a number 
of reactor units might be removed fnr maintenance and so on 
without requiring a coniplulc slim down of the system or 
replacement with other L1'-CA1< units. 

It will be apparent to one with skill in the art that there are 
a number of quick connects that could be used to facilitate 
easy removal of a reactor unit without departing from the 
spirit and scope of the present invention. These methods and 
such hardware are known in the art and to the inventors. 

FIG. 9 is a diagram of a gas recycling and precursor 
trapping system according to an embodiment of the present 
invention, wherein gas can be recycled and harmful byprod- 
ucts can be trapped for disposal. Because precursors and gas 
purges are separately pulsed into compact reactor units 33 as 
described above, it follows that precursors or byproducts 
may be collected and trapped separately. Recycling and 
trapping system 65 is installed on the exhaust side of each 
reactor with a closed loop control connecting a three way 
fast-switching pneumatic valve with gas inlet manifold 55 of 
FIG. 4 so that purge gas P may be recycled back into reactor 
unit 33. Chemical species, represented by A and B, can be 
trapped separately in a precursor trap 69 (i.e. A cryo-trap) 
that can be removed for the purpose of disposing of harmful 
elements. Non-hazardous gases or chemicals may bypass 
precursor trap 69 and be pumped out by the exhaust pump. 
The innovative approach described and taught herein 
enables the usage of gas to be reduced and provides a more 
environmcnlallv friendly process. 

It will be apparent to the skilled artisan that in the case of 
serial processing, each reactor would have a trap system 
such as trap system 65 as described above. However, with 
parallel processing, where the same process is being per- 
formed in each reactor, then one Irap syslem may be ulilized 
on the exhaust side. 

It will be apparent to one with skill in the art that a 
production system such as production system 19 of FIG. 5 
may be utilized and integrated with a variety of technologies 
without departing from the spirit and scope of the present 
invention. For example, VESCAR unit 27 may share the 
robotic handler's platform interface with a CVD system, a 
cleaning module, a lithography unit, or other process unit 
known in the art. It will also be apparent to one with skill in 
the art that because of the uniformity characteristics inherent 
with the ALD process through chemisorption, there are no 
substrate size hmitations or reactor number limitations. 
Therefore VE.SCAR unit 27 may be designed for optimum 
commercial application with respect to other competing 
technologies. There are many other configuration and appli- 
cation embodiments that are possible, many of which have 
already been described. 

Because of the many alterations that may be made to 
apparatus and methods described herein, without departing 
from the spirit and scope of the present invention, it is 
intended that the scope of the invention be hmited only by 
the breadth of the claims which follow. 

What is claimed is: 

1. Alow-proflle, compact, atomic layer deposition reactor 
(LP-CAR), comprising: 

a body having a length, a width, and a height, the height 
equal to or less than either the width or length, wherein 
the length and height define first and second sides 
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opposite one another, and the width and height define 

first and second ends opposite one another; 
a substrate processing region within the body, adapted to 

enclose a substrate during processing; 
a load/unload port in the first side, the load/unload port 

opening to the substrate processing region and adapted 

for passing a substrate into and out of the substrate 

processing region; 
a retractable support pedestal extendable into the substrate 

processing region in the direction of the height, for 

supporting a substrate during processing; 
a remotely-operable vacuum valve connected to the first 

side, the vacuum valve adapted to open and close the 
J load/unload opening executing a vacuum seal in the 

closed position; 
an inlet adapted for iiyecting a gas or vapor at the first end; 

an exhaust exit adapted for evacuating gas and vapor at 
3 the second end. 

2. I'hc LP-CAR of claim 1 wherein the body height is no 
more than iwo-thirds of the larger of the length and width. 

3. I hc ll,P-( AR of claim 1 further comprising a heater 
adapted lor heating a substrate supported on the support 

25 pedestal and cooling lines for passing coolant through a 
portion of the body. 

4. The LP-CAR of claim 1 wherein the gas inlet comprises 
one or more valved charge tubes for injecting one of a gas 
or vapor into the substrate proces.sing region, the charge tube 

30 comprising a volume closed at one end by a remotely 
operable charge valve and at the other end by a remotely 
operable injection valve, the end having the injection valve 
being connected to the gas inlet, such that with the injection 
valve closed and the charge valve open to a source of gas or 

35 vapor under pressure the charge hibe may be charged with 
a specific mass of the gas or vapor, and with the charge valve 
closed and the injection valve open the specific mass of gas 
or vapor may be expended into the snbslralc processing 

40 5. I'he LP-CAR of claim 4 further comprising a vacuum 
exhaust system connected to the exhaust exit. 

6. The LP-CAR of claim 4 comprising two or more charge 
tubes adapted to be connected to separate gas and vapor 

45 7. The LP-CAR of claim 1 further comprising a vacuum 
seal interface for applymg the first side ot the reactor 
through a wall of a vacuum chamber such that the load/ 
unload porl is in Ihe vacuum chamber and the balance of the 
compact reactor is outside the vacuum chamber. 

50 8. The LP-CAR of claim 1 wherein, in the substrate 
processing region has a vertical extent and an horizontal 
extent, and wherein the vertical extent is no more than 
one-fourth of the horizontal extent. 

9. The LP-CAR of claim 8 adapted for processing a single 
55 substrate per process cycle, wherein the horizontal extent is 

no more than 1.5 times the largest substrate dimension. 

10. The LP-CAR of claim 1 adapted for processing 
multiple substrates per process cycle, wherein the substrates 
are presented in the processing region in a horizontal plane. 

go 11. A low-profile, compact, atomic layer deposition reac- 
tor (LP-CAR), comprising: 

a body having a length, a width, and a height, wherein the 
length and height define first and second sides opposite 
one another, and the width and height define first and 
1,5 second ends opposite one another; 

a substrate processing region within the body, adapted to 
enclose a substrate during processing; 
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an inlet adapted for injecting a gas or vapor at the first end; 

an exhaust exit adapted for evacuating gas and vapor at 
the second end; 

wherein the gas inlet comprises one or more valved 
charge tubes for injecting one of a gas or vapor into the 
substrate processing region, each charge tube compris- 
ing a volume closed at one end by a remotely operable 
charge valve and at the other end by a remotely 
operable injection valve, the end having the injection 
valve being connected to the gas inlet, such that with 
the injection valve closed and the charge valw cpcii ic 
a source of gas or vapor under pressure the charge lube 
may be charged with a specific mass of the gas or \'apor. 
and with the charge valve closed and the injection valve 
open the specific mass of gas or vapor may be expended 
into the substrate processing region. 

12. The T,P-CAR of claim 11 further comprising a load/ 
unload port in the first side, the loadAinload port opening to 
the substrate processing region and adapted for passing a 
substrate into and out of the substrate processing region; a 
retractable support pedestal extendable into the substrate 
processing region in the direction of the height, for support- 
ing a substrate during processing; and a remotely-operable 
vacuum valve connected to the first side, the vacuum valve 
adapted to open and close the load/unload opening executing 

13. llic 1 F-C'Ali of claim 11 adapted for processing a 
single substrate per process cycle. 

14. The LP-CAR of claim 11 comprising two or more 
charge tubes adapted to be connected to separate gas and 
vapor sources. 

15. A vertically-stacked compact atomic layer deposition 
reactor (VESCAR) processing unit, comprising: 

a vacuum handling region having a valved load/unload 
opening adapted for transferring substrates to be pro- 
cessed into and out of the vacuum handling region; 

a plurality of low profile, compact atomic layer deposition 
reactors (LP-CAKs), each interfaced into the vacuum 
handling region by a valved substrate port, the plurality 
of LP-CARS arranged in a vertical stack one-above- 
the-other outside the vacuum handling region, such that 
the valved substrate ports of the compact reactors 
present a substantially vertical column of ports within 
the vacuum handhng region; and 

a z-axis robot in the vacuum handling region; 

wherein the z-axis robot is adapted to accept substrates 
transferred into the vacuum handhng region by a trans- 
fer apparatus through the valved load'unload opening, 
to travel vertically to the level of each of the substrate 
ports, to extend to place substrates to and to receive 
substrates from each of the compact reactors through 
each of the valved substrate ports, and to place pro- 
cessed substrates on the transfer apparatus to be trans- 
ferred through the load/unload port out of the vacuum 
handling region. 

16. The VESCAR processing unit of claim 15 wherein the 
z-axis robot is programmable to foUow pre-defined transfer 
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sequences for substrates into the vacuum handling region, 
and into and out of individual ones of the compact reactors. 

17. The VESCAR processing unit of claim 15 wherein 
individual ones of the compact reactors comprise two or 

5 more gas injectors and a gas exhaust arranged such that 
injected gases travel across a substrate placed in the indi- 
vidual compact reactor. 

18. The VESCAR processing unit of claim 17 wherein an 
individual gas injector comprises a charge tube having a 

^° rcmotcly-opcrablc charge valve at one end and a remotely- 
operable injection valve at the other, the charge valve 
adapted to connect the charge tube to a pressure regulated 
gas supply, and the injection valve adapted to connect the 

J - charge tube into the individual compact reactor. 

19. The VESCAR processing unit of claim 18 comprising 
two or more valved charge tubes adapted for injecting 
separate gases or vapors into the individual compact reactor. 

20. The VESCAR processing unit of claim 19 wherein 
20 operation of the remotely-operable charge valves and injec- 
tion valves is programmable to integrate injection of sepa- 
rate gases or vapors into individual compact reactors in 
concert with transfer of substrates into and out of compact 
reactors through the valved substrate ports. 

25 21. The VESCAR processing unit of claim 15 combined 
with a cassette load/unload lock connected to the load/ 
unload opening, the load/unload lock adapted with a vent 
and exhaust system and an outside door, such that a cassette 
of multiple unprocessed substrates may be placed into the 
load/unload lock, the load/unload lock may be evacuated, 
and individual substrates may then be transferred into and 
out of the individual compact reactors and back into the 
cassette in pre-programmed sequences. 

22. The VESCAR processing unit of claim 15 combined 
with a cluster-tool handler connected by one transfer posi- 
tion to the load/unload opening, and a cassette load/unload 
lock connected to the cluster-tool handler, the load/unload 
lock adapted with a vent and exhaust system and an outside 

40 door, such that a cassette of multiple unprocessed substrates 
may be placed into the load/unload lock, the load/unload 
lock may be evacuated, and individual substrates may then 
be transferred through the cluster-tool handler and into and 
out of the individual compact reactors and back into the 

45 cassette in pre-programmed sequences. 

23. The combination of claim 22 further comprising a 
second VESCAR processing unit connected to a second 
transfer position of the cluster-tool handler, such that .sub- 
strates from the load/unload lock may be transferred into and 

50 out of compact reactor units in either of the VESACR 
processing units. 

24. The VESCAR unit of claim 23 wherein the z-axis 
robot comprises a multiple end effector for handling mul- 
tiple substrates. 

55 25. The VESCAR unit of claim 15 wherein multiple 
substrates are processed in a horizontal array in each 
LP-CAR in each process cycle. 



